The objective of the present work was to study cerebral energy metabolism at threshold levels of hypoxia, i,e" degrees of hypoxia that abolish cerebral
electrical activity, in the "normal" and in the epileptic brain, Seizures were induced by intravenous bicuculline and cerebral oxygen availability was reduced by a com bination of lowered P02 and reduced blood pressure to give a transformation of the burst suppression pattern to either one with single spikes or overt EEG flattening.
Nonepileptic control animals were exposed to degrees of hypoxia that gave either a markedly depressed EEG pat tern with sparse slow waves or EEG flattening. Epileptic and nonepileptic groups proved comparable in terms of calculated oxygen availability and cerebral oxygen con sumption at the threshold of "transmission failure." At levels of hypoxia that markedly attenuated or completely Several decades ago neuropathologists proposed that an insufficient oxygen supply, secondary to ar terial hypotension and/or hypoxia, was the cause of epileptic brain lesions (Spiel meyer, 1927; Scholz, 1959) . This hypothesis has been challenged and it has been emphasized that although complicating hypoxia is potentially deleterious, it also curtails epileptic neuronal discharge and thereby metabolic rate.
Experimental evidence suggests that cerebral ox ygenation of paralyzed and artificially ventilated an imals remains adequate even when seizures are sus tained for 1-2 h. For example, the enhanced met-abolished seizure discharge, the cerebral metabolic changes were more marked than in comparable nonepi leptic animals . These changes comprised an imminent severe perturbation of cerebral cortical phosphorylation potential, a pronounced lactic acidosis with a precipitous redox change, and a marked accumulation of ammonia. The more labile energy balance of the epileptic brain may indicate that the "seizure state" either increases cellular energy demands in spite of the electrical silence or re duces the efficiency of ATP production at the prevailing oxygen availability. It is conceivable that energy failure elicited by complicating hypoxia can aggravate or precip itate brain cell damage in epilepsy. Key Words: Bicucul line-Cerebral blood flow-Cerebral metabolism Hypoxia-Rat-Seizures. abolic rate is balanced by a corresponding increase in CBF (Plum et aI., 1968; Borgstrom et aI., 1976; Meldrum and Nilsson, 1976) . As a result, cerebral venous and tissue P02 values remain close to con trol (Plum et aI., 1968; Caspers and Speckmann, 1972; Duffy et aI., 1975) . Furthermore, under op timal experimental conditions, cerebral energy state is only slightly perturbed (Duffy et al., 1975; Chapman et al., 1977) . Available experimental re sults do not allow firm conclusions regarding the influence of hypoxia on the final damage incurred (Blennow et aI., 1978; S6derfeldt et al., 1983) . The possibility still remains, therefore, that the cell damage observed in epileptic patients is due to un recognized arterial hypoxia and/or hypotension.
To shed light on the neurochemical alterations in duced during generalized seizures in situations of a compromised cerebral energy metabolism, we have previously documented changes occurring during arterial hypotension (Astrup et al., 1979) and hy poglycemia (Blennow et aI., 1979b) . In the present study, we explored alterations of cerebral activity and metabolism at different levels of tissue hypoxia.
MATERIALS AND METHODS

Operative, sampling, and recording techniques
The experiments were performed on fed male S.P.F. Wistar rats (Ml<'llegaard Avelslaboratorium, Copenhagen) weighing 320-430 g. After induction of anesthesia with 2-3% halothane, the animals were tracheotomized, im mobilized with tubocurarine chloride (0.5 mg' kg-I i.v.), and artificially ventilated with 0.6% halothane in a gas mixture of 70% N20 and 30% 02' The arterial CO2 tension was kept at 35-40 mm Hg and the 0, tension at > 100 mg Hg. Body temperature was kept close to 37°C by means of external heating. One femoral artery was cannulated for blood pressure recording and anaerobic blood sam pling. Intravenous injections of bicuculline and donor blood (see below) were given via a catheter in one femoral vein. The EEG was recorded with bipolar (bitemporal) leads. Halothane was withdrawn after completion of the operative procedures. Additional procedures were as follows.
Seven animals were prepared to assess changes in CBF and CMR02• In these, both retroglenoid veins were ex posed close to their exit from the skull base. The venous outflow from one of these was continuously measured during clamping of the contralateral one Siesj6, 1976, 1983) . In these animals, intracranial pres sure was measured through a cannula inserted into the cisterna magna.
In animals used for metabolic analyses (for groups, see below), a plastic funnel was sutured into a skin incision over the exposed skull bone, and the tissue was frozen in situ during continued ventilation (P onten et aI., 1973).
Induction of seizures and of hypoxia
Seizures were induced by bicuculline (1.2 mg' kg-I i. v.) as described previously (Meldrum and Nilsson, 1976; Chapman et aI., 1977; Blennow et aI., 1979b) . After 5 min of seizure activity, cerebral oxygen availability was re duced by a lowering of the inspired oxygen content. Our purpose was to induce hypoxia of sufficient degree to transform the epileptic burst suppression pattern to one with sparse single spikes or one in which all electrical activity was completely suppressed. To attain sufficient reduction of cerebral oxygen availability without causing cardiac failure, the reduction in P02 (to 25-35 mm Hg) was combined with a lowering of blood pressure (not lower than 60 mm Hg) by bleeding through the arterial cannula.
In nonepileptic animals, the combined reduction of ar terial P02 and blood pressure was aimed at giving degrees of cerebral hypoxia that induced a similar near-abolish ment of EEG activity, i.e., a pattern of pronounced slow wave to be followed by total abolishment of electrical activity. In all animals, the oxygen availability was re duced gradually (over 10-15 min). The final ajustment was done very carefully to induce (and maintain in a short-term steady state) the required EEG patterns. In the bicuculline-injected animals, the period of isoelec tricity was preceded by a period during which the fre quency of single spikes decreased gradually. When tissue was sampled for metabolic analysis, the period of iso electric EEG was limited to I min. In nonepileptic ani- 1985 mals it seemed necessary to ascertain that bursts of EEG activity did not recur. We therefore allowed a period of isoelectric EEG of 2-5 min before tissue sampling.
Analytical techniques and calculations
Arterial Po2, Pe02, and pH were measured at 37°C by means of microelectrodes (Po2 and Peo2; Eschweiler and Co., Kiel; pH; Radiometer, Copenhagen) with due cor rections for deviations in body temperature from this tem perature. Oxygen content of arterial blood (Cao2) and of cerebral venous blood (Cvo2) was determined by using a modification of the potassium ferricyanide method of Fabel and Lubbers (1964) .
After freezing the brain in situ with liquid nitrogen, it was chiseled out and stored at -80°C; subsequently, after extraction, concentrations of metabolites were deter mined by enzymatic fluorometric assays (Blennow et aI., 1979a,b; Folbergrova et aI., 1981) . The following metab olites were determined: phosphocreatine, ATP, ADP, AMP, glycogen, glucose, glucose-6-phosphate, pyruvate, lactate, u-ketoglutarate, malate, glutamate, aspartate, and ammonia (NH!). CBF and CMRO, were determined from the cerebral venous outflow volume and the cerebral arteriovenous difference of oxygen content (AVD02 = Cao2 -Cvo2) according to the method described by Nilsson and Siesj6 (1983) , assuming a normal CMR02 of 3.4 f.lmol . g-I . min -I in normoxic, normocapnic rats in ni trous oxide anesthesia (having a CBF of 0.76 mI· g-I . min-I and an AVD02 of 4.3 f.lmol· ml-I). Ce rebral perfusion pressure was calculated as the difference between the mean arterial blood pressure and the intra cranial CSF pressure.
Statistical differences were evaluated with analysis of variance using Newman-Keul's test to differentiate be tween groups. p < 0.05 was regarded as a significant difference. A: Pa02 >100 mm Hg, blood pressure >120 mm Hg. B: Slow waves at Pa02 30 mm Hg, blood pres sure >120 mm Hg. C: Slow waves at Pa02 30 mm Hg, blood pressure 80 mm Hg. D: Flattening (isoelectric) at Pao2 30 mm Hg, blood pressure 70 mm Hg. at unchanged blood pressure increased the inci dence of slow waves ( Fig. lB) . At an arterial POz of 30 mm Hg and a blood pressure of �80 mm Hg, the EEG was markedly suppressed, with inter spersed periods of flattening ( Fig. 1 C) . A further small reduction of blood pressure abolished spon taneous EEG activity altogether ( Fig. 10) . Figure 2 illustrates typical EEG changes during status epilepticus. In the absence of induced hyp oxia, the initial seizure discharge ( Fig. 2A ) spon taneously changed into a pattern of sustained burst suppression ( Fig. 2B ). With arterial blood pressure > 100 mm Hg, the arterial POz could be lowered to �40 mm Hg without any clear change in EEG pat tern. However, when P02 was reduced to �30 mm Hg and blood pressure to slightly < 100 mm Hg, the EEG pattern changed into one with frequent or sparse single spikes (Fig. 2C) , and when blood pres sure was further reduced to �70 mm Hg, EEG ac tivity ceased (not shown). A single spike pattern was observed over a certain hypoxic interval. For that reason, tissue was frozen for metabolite mea surements both after 1 and after 8 min of single spike activity (see below).
RESULTS
EEG patterns
CMR02 and CBF
The main objective of the measurements of CMROz and CBF was to correlate metabolic rate to electrical activity. CBF was continuously re corded during progressive hypoxia in three control and in four bicuculline-injected animals. Typical re-suIts are illustrated in Fig. 3 . When arterial POz of uninjected animals (Fig. 3A ) was lowered to 25-30 mm Hg, CBF increased four-to fivefold and AV002 was reduced from control values to �4-1 fLmol . ml-I. The net result of these alterations was that calculated CMROz did not change, confirming previous results demonstrating an upheld CMROz in spite of the appearance of EEG slow waves (Jo hansson and Siesjo, 1975) . This situation is illus trated in the right part of Fig. 3A . During the sub sequent slow, continuous reduction of blood pres sure (read Fig. 3A leftwise) , CBF decreased and cerebral oxygen extraction increased until the ve nous oxygen content was reduced to 0.2-0.5 fLmol . g-I. At this stage of near-complete oxygen extraction, any further reduction of blood pressure caused CMROz to fall. The results of the three ex periments were consistent in showing that an EEG pattern of slow waves (with a final frequency of � 1 Hz) was maintained until a threshold CMROz value of �60% of control (50, 57, and 60%, respectively). In this situation CBF was close to (normoxic) con trol, i.e., 0. 76 mI· g-I . min-I (0.78, 0.80, and 0.90 mI· g-I . min-I, respectively) (Nilsson and Siesjo, 1983) .
In bicuculline-injected animals (Fig. 3B) , the sei zure discharge was accompanied by substantial in- creases in CBF and CMR02 (Plum et aI., 1968; Meldrum and Nilsson, 1976) . Induction of hypoxia did not cause further vasodilatation, and since au toregulation was absent, the subsequent reduction in blood pressure was accompanied by a decrease in CBF. At a cerebral perfusion pressure of 100 mm Hg, the increase in CBF was about threefold and CMR02 was �200% of control. At a Pao2 of � 30 mm Hg, reduction of blood pressure below � 100 mm Hg was accompanied by virtually complete ex traction of oxygen. When the oxygen availability and thus CMR02 were reduced from �200 to �130% of control CMR02 (1 10, 130, 140, and 150%, respectively), a change in EEG pattern from one of bursts and suppressions to one of single spikes oc curred. At a CMR02 threshold of 50-60% of con trol (48, 55, 60, and 67%, respectively) there was cessation of EEG activity. The results demonstrate, therefore, that CBF was close to (normoxic) control even at the lowest blood pressure levels attained.
In addition, they indicate that similar levels of CMR02 were attained during the period of sparse single spikes in bicuculline-injected animals as during the slow wave phase in uninjected animals, and also that electrical activity ceased in both groups when CMR02 was reduced to 50-60% of control. The implication of this finding will be dis cussed below.
Metabolite changes in cerebral cortex
Ta ble 1 gives experimental conditions and phys iological variables for the groups of animals ana lyzed for metabolites. There were three uninjected hypoxic and three bicuculline-injected hypoxic groups. In the first of the uninjected groups shown, tissue was sampled when the EEG showed irregular slow waves with a frequency of about 0.5-2/s and an amplitude of 10-100 fLY for 2-5 min (Fig. 1C ). Interspersed periods of EEG flattening indicated that oxygen availability was just sufficient to sup port spontaneous EEG activity. In the isoelectric group, the EEG was virtually flat, only occasionally showing slow waves of low voltage, indicating an oxygen availability just below the threshold. In the normoxic bicuculline-injected group, seizures were allowed to continue for 15 min before the tissue was frozen in situ. In the remaining three groups, hyp oxia was induced after 5 min of seizure activity. In hypoxic animals, the tissue was frozen when a single spike pattern had prevailed for 1 and 8 min and when oxygen availability had been reduced to a level just below that sufficient to support sparse single spikes (isoelectric group). Since this state was very labile (Astrup et aI., 1979) , no attempt was made to study metabolic patterns after periods of EEG flattening of > 1 min.
In all hypoxic groups, both Pco2 and pH de clined. The reduction in tissue oxygenation is re flected in the values for blood pressure, Pao2, and Cao2. Since tissue blood flow was pressure passive and similar in uninjected and injected animals (Fig.  2) , a rough measure of oxygen availability can be estimated from the product of blood pressure and oxygen content. The results indicate that although P02 differed somewhat, oxygen availability in the slow wave group of uninjected animals corre sponded to the 8-min single spike group of bicucul line-injected animals, and that oxygen availability was similarly reduced in the isoelectric groups of uninjected and bicuculline-injected animals. Among the bicuculline-injected animals, the I-min single spike group had a higher blood pressure than the other groups, indicating a higher oxygen avail ability.
Tissue metabolites in bicuculline-injected animals are given in Ta ble 2. Qualitatively, the changes were similar to those observed in nonepileptic animals. To allow a quantitative comparison, data pertaining to comparable degrees of oxygen availability (Table  I) have been displayed in Figs. 4 and 5. For this purpose, the I-min single spike bicuculline-injected group was omitted. Figure 4 shows that for comparable degrees of hypoxia (slow waves versus single spikes, isoelec tricity in uninjected versus bicuculline-injected an imals), animals with seizures had higher values for AD P and AMP and lower values for phosphocre atine, ATP, and energy charge. In particular, when EEG activity was abolished in animals with sei zures, a marked perturbation of cerebral energy state was at hand. Figure 5 demonstrates that the larger perturba tion of cerebral energy state in animals with sei zures was associated with a more pronounced fall in pyruvate and increase in lactate concentration; as a result, the lactate/pyruvate ratios differed con siderably between bicuculline-injected and unin jected animals. The low glucose and pyruvate con centrations suggest that substrate delivery may have become limiting. However, since glucose-6phosphate concentrations were upheld, it seems more plausible that the pronounced fall in pyruvate concentration was due to a shift in the lactate/py ruvate ratio, secondary to the decrease in pH and the increase in the NADH/NAD+ ratio. Animals with seizures also had lower a-ketoglutarate and higher ammonia concentrations (data not shown, but see Ta ble 2).
DISCUSSION
When animals with bicuculline-induced seizures are made moderately hypoxic (arterial P02 �45 mm Hg), the cerebral lactic acidosis is exaggerated even though no further deterioration of cerebral phos phorylation potential occurs (Blennow et aI., 1978) . The objective of the present study was to explore whether seizures enhance perturbation of the ce rebral energy state at critical degrees of hypoxia, i.e., hypoxia sufficient to attenuate or completely abolish spontaneous electrical activity.
The results of the CBF -CMR02 study show that with the degrees of hypoxia employed, cerebral cir culation was pressure passive. Similar degrees of hypoxia induced pronounced EEG slowing in un injected animals and sparse single spikes in bicu culline-injected ones. Furthermore, the threshold of oxygen availability (and CMR02) at which all elec trical activity ceased was similar in uninjected and injected animals, i.e., at a CMR02 of 50-60% of control.
Previous results have shown that although even relatively marked reductions in arterial P02 lead to lactic acidosis at tissue level, adenine nucleotide concentrations remain close to control provided that blood pressure is upheld (Schmahl et aI., 1965; Siesj6 and Nilsson, 1971; Duffy et aI., 1972; Nor berg and Siesj6, 1975) . Thus, energy failure is ob served only if the increase in CBF is curtailed (Siesj6 and Nilsson, 1971 ; see also Salford et aI. , 1973; Gardiner et aI. , 1981) . The results obtained in the uninjected animals confirm these latter results in showing that the combination of arterial hypoxia and hypotension not only exaggerated the lactic aci dosis but also gave rise to a clear deterioration of cerebral cortical energy state. The results presented give an unequivocal answer to the main question posed, in that the seizures ex aggerated the neurochemical response to induced hypoxia. First, changes in phosphocreatine and ad enine nucleotide concentrations were more pro nounced. Second, more lactic acid accumulated and the redox change (as evaluated from the lactate! pyruvate ratios) was more marked. Probably, the more pronounced reduction in AT P concentration was responsible for both the enhanced glycolysis and the exaggerated redox change.
We recall that uninjected animals with slow waves in the EEG had CMR02 values similar to those in bicuculline-injected animals with single spikes, and that CMR02 seemed identical in unin jected and injected animals at the point of cessation of EEG activity. This finding implies that transmis sion failure occurs at the same level of CMR02 irrespective of the previous state of excitation (Branston et aI., 1979) . On the other hand, bicu cuHine-injected animals showed more pronounced metabolic changes. Evidently, in the epileptic brain, electrical activity is maintained until the energy bal ance is in a very labile state, i. e. , at the limit of severe deterioration. Thus, the energy balance in the brain at critical thresholds of hypoxia is depen-dent on the state of inhibition/excitation. The mo lecular mechanisms behind these phenomena are not clear. However, two possibilities can be envis aged. First, it is possible that animals with seizures have increased membrane permeability to ions, leading to energy-requiring ion cycling. Second, since seizures are accompanied by accumulation of free fatty acids (Bazan, 1970; Siesjo et aI. , 1982) , conditions could favor partial uncoupling of oxida tive phosphorylation and thus reduce AT P forma tion.
Whatever is the explanation for the enhanced metabolic failure in animals exposed to hypoxia during seizures, the present results demonstrate that although complicating hypoxia attenuates or abolishes seizure discharge, the ensuing metabolic changes (e.g., the fall in ATP, the excessive lactic acidosis, and the massive accumulation of am monia) are such that they could well be accompa nied by aggravated tissue damage.
